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Evolution of Composition of Seawater and Life over Earth's History

Tsuyoshi KOMIYA*

Abstract

The redox state of the surface environment of early Earth is still controversial (e.g. Ohmoto,
1997). Many previous papers suggest that oxygen was free before 2.7 Ga, and then gradually in-
creased due to oxygen-producing photosynthesis (e.g. Holland, 1999; Farquhar et al., 2000). But,
a detailed and quantitative estimate is still lacking. It is well known that deposited carbonate
minerals are equilibrated with ambient seawater in a microbial or abiotic environment. The
composition and mineralogy allow us to estimate the physical and chemical properties of pale-
oseawater. We carried out in-situ analyses of major, trace, and rare earth elements of carbonate
minerals with primary sedimentary structures in shallow and deep-sea deposits, in order to
eliminate secondary carbonate and contamination of detrital materials, and to estimate the re-
dox condition of seawater over time.

We estimated the depositional environments from the field occurrence of coexisting basaltic
lava and sedimentary rocks and the fabric of the carbonates themselves. The shallow marine de-
posits have included sedimentary carbonates with a stromatolite structure and clastic layers,
and amygdaloidal and matrix carbonates of hot-spot basaltic lava since 3.5 Ga. Deep-sea carbon-
ates have included interstitial carbonate minerals in a matrix of hyaloclastite and amygdaloidal
carbonate minerals accompanied by MORB-type basalts since 3.5 Ga. In addition, we excavated
at three localities in South China, and obtained the complete sequence from the Marinoan tillite
to early Cambrian rocks. The carbonate rocks belong to shallow marine deposits.

Deep-sea carbonates have only faint Ce and Eu anomalies between 3.5 and 1.9 Ga. The neg-
ative Ce anomaly of shallow carbonates has frequently deviated from those of deep-sea carbon-
ate since 2.78 Ga. It fluctuated greatly, and was very large at 2.5 and 2.3 Ga. We calculated the
oxygen activity of shallow and deep seawater respectively, based on Ce content and anomalies of
carbonate minerals at given parameters of atmospheric carbon dioxide content (pCQO,) and Ca
content of seawater. The results show that the oxygen content of the deep sea was low and con-
stant until at least 1.9 Ga. The oxygen content of shallow seawater increased from 2.7 Ga, but
fluctuated. In particular, it was at a minimum during and after Snowball Earth events. It be-
came quite high at 2.5 and 2.3 Ga, but eventually increased after the Phanerozoic. We also cal-
culated it under another condition of high pCO; to show that the seawater was more oxic even in
the Archean than at present. The calculation suggests a relatively low pCO; through geologic
time.
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Fig. 2 A comparison between the composition of a phytoplankton and the aver-
age composition of modern seawater (Masuzawa, 2006). Against the
general trend, there are significant variations indicative of the influence of
secular changes in the composition of seawater because they are correlated
with the redox condition of seawater and sources of influxes of elements.
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Fig. 3 Field occurrence of carbonate rocks and their microstructures.
(a) The oldest stromatolite, ca. 3.5 Ga North Pole greenstone belt in Pilbara Craton, Western Australia, (b) Ooid-
bearing dolomite, ca. 2.3 Ga Kazput Formation in Pilbara Craton, (c) Microstromatolite-bearing limestone, ca. 2.7
Ga Tumbiana Formation, Pilbara Craton, (d) Ooid-bearing limestone, ca. 2.7 Ga Tumbiana Formation, and (e)
Oolite-bearing Cambrian limestone, Three Gorge area, Hubei, South China, and (f) Carbonate rocks in matrix of
hyaloclastite of 2.7 Ga Mount Roe basalt, Kylena Basalt of Fortescue Group.
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Fig. 4 REE patterns of each texture of the Early Cambrian oolite-bearing carbonate (Fig. 3e).
Spots 1 and 2 correspond to a primary oolite and early diagenetic rim along the oolite,
respectively, and have similar REE patterns to each other. Spots 3 and 4 display recrys-
tallized parts of oolites, and have significantly different REE patterns.
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Fig. 5 Rare earth patterns of carbonate minerals of different ages. Captions are written in the next page.
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Fig. 5 Rare earth patterns of carbonate minerals of different ages.
(a) Carbonate minerals within amygdules of deep-sea volcanics, (b) Carbonate minerals within amygdules and in
matrices of hyaloclastite of shallow-sea volcanics, (c) Carbonate minerals of stromatolite and ooids from 2.7 to 2.2
Ga, (d) Carbonate minerals of stromatolite and ooids from 1900 to 580 Ma, and modern tropical carbonate, (e) Car-
bonate minerals in cap dolomite on the Marinoan tillite, and dolomite from 630 to 550 Ma in South China, (f) Car-
bonate minerals in limestone and dolomite from 550 to ca. 545 Ma in South China, and (g) Carbonate minerals in
limestone from early to middle Cambrian in South China.

— 103 —



Ce anomaly(3Cen/(2LaN+NdN))

| (Na,K),(Mn2+,Ca,Fe)(CO), |
1

| n-oxide I

Sedimentary Carbonates

0 Shallow-sea carbonate
&Stromatolite

Amygdaloidal Carbonates
0 Shallow marine basalts

Siderite(FeCO3) |

3.5 2.78 2.76
3.0

BIF Fe,03 | [] ® Deep-sea basalts
o
0 Qooadg
. N .r a 0 9H”
N TN
: g
0 o 2 g
ol Shallow water 9 s p€|€
272 26 25 2 3 22 1910 0.6 0.54 012 0

X 6 ﬁ@ﬁﬁﬁiﬂi%@Ce;e%ﬂnfi$7£1l:t1l:%m%x%®7§1b
Ab+uRbTA MR —A FEE) R R BRI O RBIESEY (RFEM), il CHM L 2 XR a0/ 4R

Mg ReNA TR 7 FAY A MO RBEGEY (REGE

(R

H) & ERilE TR L 7 8 O AT IR b o jie 1R 35 811

Fig. 6 Summary of Ce anomalies of carbonate minerals of different ages and changes in the mineralogy of chemical

sediments.

Carbonate minerals in stromatolite and of 0oid in shallow marine carbonate rocks (open ellipsoids), Carbonate rocks
in matrices of hyaloclastite and amygdaloidal carbonates of shallow-marine erupted basalts (gray solid ellipsoids),
and amygdaloidal carbonates of deep-sea basalts (solid ellipsoids).
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Fig. 7 Summary of evolution of surface environment and solid earth.

(a) Secular changes of oxygen contents of shallow marine (thick black line) and deep seawater
(thick gray line) based on Ce contents and Ce anomalies of carbonate minerals of different ages.
The black thin line shows the secular change in the oxygen content of shallow marine calculated
with another model of atmospheric COs concentration over geologic time (Kasting, 1993), which
is inconsistent with geological evidence of the reduced condition of Archean seawater. (b) Secular
change of Mn contents of carbonate minerals of shallow marine sedimentary carbonate rocks such
as stromatolite and ooids. (c) Secular variations of the temperature of the upper mantle based on
geochemistries of ancient MORBs (Komiya, 2004). And, (d) continental growth curve and age dis-
tributions of detrital zircons from river sands of six major rivers (Rino et al., 2004; Rino, 2007).
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Fig. 8 Models of changes of atmospheric carbon dioxide over time.

The gray field displays atmospheric carbon dioxide concentrations required to compensate for low solar
luminosity in the past, assuming that carbon dioxide was a major greenhouse gas (Kasting, 1993). How-
ever, recent estimates of the carbon dioxide content of the ancient atmosphere based on paleosols (Rye
et al., 1995) and weathered rims of clasts in a conglomerate (Hessler et al., 2004) show a relatively low
carbon dioxide content, suggesting another source of greenhouse gas such as CH4. We used two models
of low carbon dioxide contents over time for the thermodynamic calculation (A (a white thick line):
Sleep and Zahnle, 2001; Royer et al., 2004). For comparison, we also calculated the oxygen content of
shallow seawater over time using another model of the secular variation of atmospheric CO; content (B (a
broke line) ).
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